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Abstract
IPCC AR4 reported that the emission of the anthropogenic Carbon Dioxide (CO2) increase the CO2
concentration in atmosphere after the Industrial Revolution, and increasing of CO2 concentration caused 
the global warming. Moreover, it is shown that CO2 dissolution into the ocean causes the acidification in 
the surface layer. The buffering effect of the ocean can suppress the change of the CO2 concentration in 
the atmosphere. However, the rise of the CO2 concentration in the ocean surface means the pH of 
seawater decreases. This phenomenon continues until the difference of CO2 partial pressure between the 
atmosphere and the ocean disappears if the emission of CO2 is stopped. But, the acidification of the 
ocean progresses as long as it keeps CO2 emission. It is feared that the ocean acidification has crises 
influence on various organisms and entire ocean ecosystem.
Carbon Capture and Storage is one of the mitigation measure technologies of CO2 emission. Famous 
carbon storage technology of the CCS using ocean region is Sub-seabed Geological Storage and dilution 
type Ocean Sequestration. These CCS Technologies has been developed in RITE. Especially, Research 
and development project of ocean sequestration technology was established the core technologies for 
example CO2 injection and dilution technology, prediction of drop and diluted CO2 and evaluation 
methods of biological influence of CO2. These core technologies were enabled a feasibility study of 
Ocean Sequestration technology as total system. These studies showed constructions of ocean 
sequestration system, and estimated sequestration costs and additional CO2 amount. Furthermore, in 
this evaluation, the ocean sequestration system without the influence on the marine organism was shown 
by scientists of the Ocean Sequestration Project of Japan.
This evaluation and comparison study for atmospheric CO2 decreasing measure and ocean acidification 
mitigation measure was based on above results, and it was carried out using three dimensional numerical 
model with ocean circulation model (MOM: Modular Ocean Model), global carbon cycle model based 
on a lower trophic ecosystem model and one box atmospheric model. And the several scenarios were 
selected for evaluation of CCS efficiency. These scenarios ware targeted over CO2 emission based on 
S550 scenario and over emission were allocated to Geological Storage, Ocean Sequestration, other 
measure and no measure.
Simulation results of Ocean Sequestration suggested efficiency for mitigation measure of increase 
atmospheric CO2 and Ocean Acidification. However, it was shown that the effect was different 
according to the ocean. Results of the simulation study showed “Geological storage without leakage is 
the best as the effect of measures”. And it is suggested that “There is a possibility of suppressing the 
ocean surface acidification to more effective by combining dilution type ocean sequestration with sub-
seabed geological storage”. The effectiveness of ocean sequestration and geological storage was shown to 
some degree by this research. It is necessary to re-examine the use of the ocean model of a high 
resolution and the emission scenario of CO2, and to show the result with higher reliability.
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1. Introduction
IPCC reported that the emission of the anthropogenic carbon dioxide (CO2) increased the CO2 concentration in 
atmosphere and increasing of CO2 concentration caused the global warming after the Industrial Revolution [1]. Of course, not 
only CO2 but also the greenhouse effect gas such as fluorocarbon is related to global warming. In addition, the possibility of 
the direct influence to the marine environment by CO2 was pointed out by recent researches.  Some recent researches 
suggested that the CO2 dissolution into the ocean causes the ocean acidification in the surface layer [2]. Moreover, it was 
forecast that an ocean acidification influence not only the ocean surface layer but also the deep layer at the future when it kept 
exhausting CO2 to atmosphere.
The ocean is well known as huge reservoir of CO2. Therefore, the buffering effect of the ocean can suppress the change of the 
CO2 concentration in the atmosphere. However, the rise of the CO2 concentration in the ocean surface means the decrease of 
pH of seawater . This phenomenon continues until the difference of CO2 partial pressure between the atmosphere and the 
ocean disappears if the emission of CO2 is stopped. This phenomenon continues until the difference of CO2 partial pressure 
between the atmosphere and the ocean disappears if the emission of CO2 is stopped. But, the acidification of the ocean 
progresses as long as it keeps CO2 emission. It is feared that the ocean acidification has crises influence on various marine 
organisms and entire ocean ecosystem.
Everyone understands, "The most effective measures to stop global warming and the an ocean acidification are not to 
discharge carbon dioxide into the atmosphere". And, we understand it is difficult to stop it realistically immediately too. We 
came to feel various phenomena that actually related to global warming while there were no effective measures. For example, 
abnormal weather, habitat change of flora and fauna, melting polar ice caps, etc. A lot of critical influences on the global 
environment in descendant's age by the present emission of greenhouse effect gas besides present influences are especially 
feared. Therefore, it is important to understand the current and future situation and to execute the greenhouse gas reduction 
measures at the early stage for the improvement of the global environment in the future. 
Then, it is thought that some mitigation plans such as the delaying technology of atmosphere CO2 concentration rise are 
needed. If captured CO2 is injected to the deep Ocean without contacting the surface ocean, so, the marine organism of the 
surface layer is not affected by the injected CO2. Injected CO2 to the deep ocean is dissolved into the sea water as well as the 
atmospheric CO2 is naturally absorbed to the ocean. As one of the mitigation technologies, RITE is developing a dilution & 
injection technology to the middle and deep ocean using Moving Ship approach. The project goal of the second phase 
started in 2002 is the assessment of ocean sequestration validity, the development of environmental impact assessment 
technology and the development of CO2 dilution technology. 
The first purpose of this study is to clarify the long-term change of  atmospheric CO2 concentration and ocean pH. The 
second purpose of this study is to evaluate benefits & risks of CCS (especially ocean sequestration) by the simulation study 
on an ocean acidification based on a realistic scenario.
2. Methodology
To prediction of the ocean acidification in the future, and evaluating the effects of Carbon Capture and Storage (CCS), the 
numerical simulation by the global ocean model was carried out. Here, the adopted CO2 storage technology is Geological 
Storage and Ocean Sequestration. These CO2 storage technologies were simulated numerically by using 3D global model. 
This global model consist of an ocean circulation model [3] (figure 1) based on a MOM2 and a global carbon cycle model 
based on a lower trophic ecosystem model [4]. However, the flow in the atmosphere was not considered, and the atmosphere 
region was composed of one volume simply. Seven sites for ocean sequestration were selected close to the large CO2
emission area. These are almost the same places as GOSAC [5] (figure 1). 
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Figure 1. Grid system of the ocean and atmosphere, and injection site of CO2.
The SRES-B2 scenario and 550ppm stabilization scenario were selected as a base of the CO2 emission scenario (figure 2). 
However, the scenario after 2100 is not shown in SRES. Then, the estimated value [6] based on reserves of the fossil fuel [7] 
was adopted in the scenario after 2100.
Figure 2. CO2 emission Scenario
As for the calculation scenario, (1) emission to atmosphere, (2)Ocean Sequestration, (3 & 4) using Geological storage and 
Ocean Sequestration together, (5) Geological storage was set as a method of dealing with the CO2 emission that exceeded 
550ppm (figure 3).
    
Figure 3. Concept of annual rate of total CO2 emission in the world for CO2 reduction scenarios.
3. Results and Discussion 
Results of calculation were shown in Figure 4. Examination target is discussion of the change of atmospheric pCO2 and 
ocean acidification, and the effect of evasion of the CO2 reduction measures of 1000 years. Figure 5 show following results.
- The CO2 concentration change and the pH distribution change of 2000 years were calculated. 
- The pH of the ocean surface layer changes corresponding to an atmospheric CO2 concentration. 
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- The pH is decreased rapidly in the Atlantic Ocean assumed to be a CO2 absorption region.
- The pH variation of the deep layer is gradual in the Pacific Ocean assumed to be a CO2 emission region.
Figure 4. Calculation result of Case 1 -5
Figure 5 show the time series of layer mean pH. In the case 1, surface pH decreased quickly to about -0.4 in year of 2150. 
On the other hand, in the case 2 (ocean sequestration case), surface pH decrease slowly to about -0.2 in year of about 2300
and pH of the middle layer decreased while CO2 injection. Finally, the vertical profile of pH was same to the both cases in 
year of 3000. In the Case 3 & 4, joint case of ocean and geological sequestration, the progress of the ocean acidification in 
the surface and the deep ocean was able to be suppressed. In the case 5 (geological storage case), surface pH decrease slowly 
to about -0.1 in year of about 2300.
Figure 5  Time series of  vertical distribution of Layer mean pH
Figure 4 and 5 suggests that ocean sequestration has not effective for the long term for the CO2 reduction. Because CO2 has 
not been removed from the carbon cycle system. However, a rapid rise of the atmospheric CO2 concentration and ocean 
surface acidification can be lowered for the short term by ocean sequestration. Therefore, the avoidance effect of the influence 
on the land and ocean surface ecosystem is expected.
The reduction measures hoped for most are the methods of reducing the CO2 emission like Case 5. However, it is still a 
groping stage now. The increase in the atmospheric CO2 continues when measures are delayed. It is because the CO2
emission speed is more than the uptake rate of the sea surface. Sub seabed CO2 geological storage is advanced in each 
country now. If the CO2 recovery is more than geological storage discharge, it is not discharged into atmosphere, and it is 
preferable to sequestrate it to the middle or deep ocean for the prevention of the surface acidification.
4008 M. Magi, S. Murai / Energy Procedia 4 (2011) 4005–4011
Because various marine organisms live in the ocean surface layer when considering the marine environment and the marine 
ecosystem, it seems that an ocean acidification influences them. Ocean sequestration also will cause the acidification because 
it puts CO2 in the ocean. However, the middle layer CO2 injection shifts the acidification from the surface to the middle layer. 
A lot of organisms live on an ocean surface. As an advantage, the ocean surface ecosystem might be able to be protected 
(figure 6).
Figure 6. Comparison Ocean Acidification and Ocean Sequestration.
Figure 7 shows the relation between pCO2 and the pH to the sequestration percentage of dilution type Ocean Sequestration
was investigated. CO2 ocean sequestration of about 30%  seems to be able to control the influence of the pH. However, it is 
necessary to consider a local influence because it evaluates it by the mean value according to the layer.
Figure 7. Comparison of Layer mean pH
Figure 8 shows confirmation of the controlling effect of Ocean Sequestration . The suppression effect of ocean acidification 
by additional execution of Ocean Sequestration was verified. If CO2 is sequestrated to the deep ocean, the effect in the global 
scale is thought as follows. As a benefit, the acidification on the surface ocean can be controlled for several centuries. On the 
other hand, as a risk, the acidification impact of the deep ocean continue for a period less than century.
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Figure 8. Confirmation of the controlling effect
4. Conclusion
To prediction of the ocean acidification in the future, and evaluating the effects of CCS, some numerical simulation by 6
scenarios using global ocean circulation model was carried out. As a result, the following characteristics were suggested.
- The acidification on an ocean surface changed corresponding to an atmospheric CO2 concentration (pCO2). 
- CO2 ocean sequestration makes ocean acidification of the surface avoid.
- The CO2 reduction measures by CCS were able to control atmospheric pCO2 rise and ocean acidification.
And, following results were obtained.
- The results of the simulation study under the several scenarios showed “ Geological Storage without leakage is the best 
as the effect of measures”. 
- And it is suggested that “ There is a possibility of suppressing the ocean surface acidification to more effective by 
combining Ocean Sequestration with Geological Storage”. 
However, some problems are no-discussions. It is necessary to consider a local influence because it evaluates it by the mean 
value according to the layer. To evaluate the effectiveness of CCS on ocean acidification clearly, it is necessary to
- Selection of emission scenario & reduction scenario of CO2, combination of measures technologies,
- Evaluation of local impact of acidification,
- Select the ocean sequestration site where the benefit is high for both a local environment and the global environment.
It is necessary to use the middle or high resolution model to improve the reliability of the forecast.
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